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ABSTRACT: This work reports the development of a biomimetic
membrane-wrapped nanoparticle (MWNP) platform for targeted
chemotherapy of acute myeloid leukemia (AML). Doxorubicin
(DOX), a chemotherapeutic used to treat leukemias, lymphomas,
and other cancers, was encapsulated in polymeric NPs that were
coated with cytoplasmic membranes derived from human AML
cells. The release rate of DOX from the MWNPs was characterized
under both storage and physiological conditions, with faster release
observed at pH 5.5 than pH 7.4. The system was then introduced to
AML cell cultures to test the functionality of the released DOX
cargo as compared to DOX delivered freely or via NPs coated with
poly(ethylene glycol) (PEG). The MWNPs delivered DOX in an
efficient and targeted manner, inducing up to 80% apoptosis in
treated cells at a dose of 5 μM, compared to 15% for free DOX and
17% for DOX-loaded PEG-coated NPs at the same drug concentration. The mechanism of cell death was confirmed as DNA double-
strand breaks through a γH2A.X assay, indicating that the released DOX retained its expected mechanism of action. These findings
designate MWNPs as a robust drug delivery system with great potential for future development in treatments of AML and other
blood cancers.
KEYWORDS: biomimetic, membrane-coated, biomimicry, cancer, doxorubicin, drug release

1. INTRODUCTION
Acute myeloid leukemia (AML) is a bone marrow disorder
wherein hematopoietic stem and progenitor cells (HSPCs) are
genetically altered, leading to an expansion in immature
myeloid cells and a reduction in healthy HSPCs.1,2 As HSPCs
are multipotent cells that can differentiate into all blood cell
types, their reduction and failure have adverse effects
throughout the body. Currently, harsh treatment regimens
are applied in attempt to eradicate all cancerous cells in the
body. This has increased the five-year survival rate for younger
patients with AML over the decades, from 13% in the 1970s to
55% in the 2010s, but the survival rate for patients over 60
remains below 20%.3 Developing more effective and patient-
friendly treatments for AML and other HSPC disorders is of
great importance.
Traditional treatment for AML begins with induction

chemotherapy where a cytarabine-based drug is given over
the course of 7 days and an anthracycline-based drug is
overlapped for the first 3 days of treatment.4,5 The goal of this
intensive treatment is to clear the body of leukemia cells and
reduce the quantity of cancerous bone marrow cells, enabling
the cancer to be contained within a few rounds of induction
chemotherapy.6 If AML is absent after this step, then
consolidation chemotherapy begins. Here, patients are subject

to regular injections of chemotherapy over the course of
several months to ensure that all the leukemia cells have been
killed.7 If the outcome of induction therapy was not as positive,
then patients, especially those who are younger and stronger,
are then prepared for a bone marrow transplant through more
chemotherapy. Unfortunately, the amount of chemotherapy
required for AML management is extremely taxing for patients
regardless of which treatment path they are on. As alternatives
to these traditional treatment plans, new targeted treatments
have started to enter the market, including antibody−drug
conjugates. One targets CD33+ AML cells for delivery of
calicheamicin, a cytotoxic agent that induces DNA damage.8,9

However, there are drawbacks to this system including rapid
clearance, inconsistent drug-to-antibody ratios, and uncon-
jugated antibodies providing no therapeutic advantage.9

Further, CD33 is sporadically expressed on AML cells, which
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leaves a population of untargeted cells capable of inducing
relapse.
While the importance of targeted therapies and single-

molecule inhibitors for the treatment of leukemia and other
HSPC disorders cannot be discounted, their insufficient
efficacy may be attributed to a mismatch between heteroge-
neous cell receptor expression and the single-targeting moiety
used in such formulations. One approach to tackle this
problem was to utilize liquid nitrogen-treated AML cells to
deliver doxorubicin (DOX) to the bone marrow.10 By cryo-
shocking the cancer cells, the bone marrow targeting
capabilities were maintained, while the pathogenic properties
of the cells were removed. The delivery of DOX via this system
was less effective than free DOX in vitro but allowed for longer
circulation and increased bone marrow accumulation in vivo.10

To allow for more tunability, we have developed an effective,
nanoparticle-based, drug delivery system that uses the diverse
array of cell-specific binding proteins present on cell
membranes to engage the multiple receptors present on target
cells. Membrane-wrapped nanoparticles (MWNPs) have
shown great promise as a targeted drug delivery system for a
variety of cancers.11−14 Specifically regarding MWNPs for
AML, scientists have explored using mouse-derived AML cell
membranes as a coating to wrap poly(lactic-co-glycolic acid)
(PLGA) NPs loaded with CpG adjuvant for immunotherapy
and cancer vaccination.15 This system showed promise in both
prophylactic and post-remission vaccination models.15 In this
work, polymeric NPs were loaded with the chemotherapeutic
doxorubicin and coated with cytoplasmic membranes derived
from human CHRF-288-11 (CHRF) cells, which were
originally isolated from an infant with acute megakaryoblastic
leukemia. These AML MWNPs deliver their cargo efficiently
to targeted AML cells and induce apoptosis at up to 5× higher
rates than their free drug or untargeted counterparts. The
potential application of these MWNPs for AML treatment is
depicted in Figure 1A.
Doxorubicin (DOX), clinically known as adriamycin, was

selected as the drug cargo because it has been used to treat
leukemias, lymphomas, and other cancers, usually in
combination with a cytarabine.5,16 Anthracyclines like DOX
inhibit the functionality of the enzyme topoisomerase-II
(TOP2), resulting in DNA damage and apoptotic cell death
(Figure 1B).17−20 This DNA breakage is marked by the highly
specific and sensitive event of the phosphorylation of histone

H2AX at the serine-139 residue, resulting in γH2AX.21 While
most commonly cited, this is not the only mechanism by which
DOX induces cell death. Intracellular reduction of DOX can
rupture the mitochondrial membrane through formation of
reactive oxygen species (ROS), and DOX can also bind with
ferritin, affecting the intracellular iron concentration.22−25 This
iron binding is of specific concern in cardiomyocytes as a major
drawback of DOX is the cardiotoxicity caused by repeat
dosing, suspected to be due to the upregulation of death
receptors.19,23,26 While modifying the dosing regimen may be a
feasible strategy to limit cardiotoxicity, an alternative approach
to increase efficacy and safety would be to deliver DOX in a
targeted carrier system like MWNPs that minimizes accumu-
lation in cardiomyocytes and enhances accumulation in
targeted cancer cells.19

Delivering chemotherapeutic cargo to the bone marrow
through homotypic targeting may be enough of a breakthrough
as targeted, non-systemic delivery would be advantageous to
the patient. However, previous data has shown that Mk-based
delivery systems are not only able to target bone marrow but
also specifically reach CD117+ cells.27 Work by Escobar et al.
showed that human Mk microparticles reached CD117+ cells
at higher levels than cells expressing two other tested
membrane markers (CD41 and CD45).27 In the work
presented here, CHRF membranes were used as they are
both an acute megakaryoblastic leukemia cell line and a
previously established Mk model.28,29 By stimulating CHRF
cells with phorbol 12-myrsitate 13-acetate (PMA), they follow
the differentiation pathway of the early Mk phenotype to
primary Mk, expressing a similar genetic pattern to Mk cells.28

Kao and Papoutsakis demonstrated that CHRF-derived
microparticles performed as well as Mk microparticles in
targeting HSPCs, with 98.1% of the CHRF microparticles
being recognized and taken up by HSPCs, compared to 98.9%
of the Mk microparticles.29 Based on these studies, we
postulated that CHRF MWNPs would be similar to Mk
microparticles and CHRF microparticles in their ability to
target CD117+ cells at higher levels than non-targeted
counterparts. CD117, or c-Kit, is a transmembrane receptor
present on HSPCs, erythroid, myeloid, and megakaryocytic
precursors as well as up to 87% of AML cell lines.30−34 It is one
of the “most promising target antigens” for treatment of AML
and other HSPC disorders.16 By specifically reaching CD117+
cells, MWNPs would be able to avoid downstream, differ-

Figure 1. Overview of the synthesis, application, and intracellular activity of MWNPs. (A) DOX-loaded NPs are wrapped in membranes extracted
from CHRF-288-11 cells, a childhood acute megakaryoblastic leukemia cell line, to enable homotypic targeting to AML cells. (B) Once inside the
cell, DOX blocks topoisomerase-II, causing DNA damage, resulting in cell death. Parts of the figure were produced using Servier Medical Art
templates. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/
licenses/by/3.0/).
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entiated, healthy bone marrow cells, limiting side effects and
making recovery from chemotherapy and preparation for bone
marrow transplants a less taxing process.35 Stated another way,
this system has great potential to improve patient quality of life
during treatment upon further development, validation, and
implementation.
In this work, we demonstrate the synthesis of DOX-loaded,

CHRF membrane-wrapped polymer NPs and evaluate their
effects on AML cells in vitro. A 5 μM dose of AML MWNPs
yields apoptosis in approximately 80% of treated AML cells,
compared to 16.5 and 14.9% for untargeted DOX-loaded NPs
and free DOX, respectively. This corresponds to a remarkable
5× improved efficacy of the drug through its loading in
MWNPs. Further analysis of γH2AX confirmed that the DOX-
MWNPs induce DNA damage as expected. These exciting
results support continued development of MWNPs for
targeted chemotherapy of AML.

2. EXPERIMENTAL SECTION
2.1. Cell Culture and Membrane Collection. CHRF-288-11

cells were used for all experiments. CHRF cells are a childhood acute
megakaryoblastic leukemia cell line that differentiates into Mk-like
cells after treatment with phorbol 12-myrsitate 13-acetate (PMA).28,29

Cells were grown in 300 cm2 cell culture-treated flasks in Iscove’s
modified Dulbecco’s medium supplemented with 10% fetal bovine
serum (FBS), 3.02 g/L sodium bicarbonate, and 1% antibiotic−
antimycotic (Gibco). To induce Mk-like characteristics, CHRF cells
were seeded in the same type of flask at 500,000 cells/mL and treated
with 10 ng/mL PMA. After 24−48 h of incubation, the CHRF cells
were either used for in vitro experiments or for collection of
membrane vesicles.

Membrane vesicles were prepared from PMA-treated CHRF cells
through a lysis and centrifugation process adapted from Fang et al.36

Briefly, media were centrifuged at 300g to collect any non-adherent
cells and 8 mL of 0.25% trypsin−EDTA (ThermoFisher) was added
to detach adherent cells. After detaching, the media were added to
neutralize trypsin and cells were pelleted by centrifugation at 300g.
After pelleting, all cells were washed 3 times with cold phosphate-
buffered saline (PBS) and suspended in a hypotonic lysis buffer (20
mM Tris HCl, 10 mM KCl, and 2 mM MgCl2) with 1× protease
inhibitor (ThermoFisher). The solution was then emulsified using a
Dounce homogenizer (Kimble) with two different size pestles. The
mixture was then centrifuged at 3200g for 5 min at 4 °C. The
supernatant was collected, and the pellet was subjected to the
homogenization and centrifuge steps again. The nuclear pellet formed
from this step was discarded, and the combined supernatants were
then centrifuged at 20,000g for 20 min at 4 °C. This mitochondrial
pellet was discarded, and the supernatant was centrifuged at 100,000g
for 90 min at 4 °C, pelleting the membranes. The final pellet was
resuspended in water and extruded through a 400 nm polycarbonate
membrane using a mini extruder (Avanti) at 75 °C to create
monodisperse membrane vesicles.
2.2. Synthesis of DOX-Loaded PEG-PLGA NPs. DOX-loaded

poly(ethylene glycol)-poly(lactic-co-glycolic acid) (PEG-PLGA) NPs
were synthesized using methods for single emulsion NPs adapted
from the literature.37−39 PLGA (39.5 kDa, 50:50 carboxylic acid
terminated, LACTEL Absorbable Polymers) was dissolved in acetone
at 2 mg/mL. Separately, methoxy-PEG(5 kDa)-PLGA(30 kDa)
(NanoSoft Polymers, 50:50) was dissolved in dichloromethane
(DCM) at 2 mg/mL and then mixed with the acetone-PLGA
solution at a 1:3 ratio with the total volume equaling 1 mL.40 Next, 50
μg of DOX hydrochloride (Sigma) at a concentration of 25 μg/μL
was added to the mixture and the solution was added dropwise to 3
mL of 0.1% poly(vinyl alcohol) (Sigma) in water and probe sonicated
on ice with a Fisherbrand model 120 Sonic Dismembrator (Fisher
Scientific) at 80% amplitude for 60 s. The solvent was allowed to
evaporate overnight at room temperature in a fume hood under
continuous stirring at 800 rpm, and the DOX-loaded PEG-PLGA NPs

were purified by 50 kDa molecular weight cutoff (MWCO)
centrifugal filtration (Sigma) at 3200g for 20 min at 4 °C to remove
unencapsulated DOX and excess solvent. NPs were left unwrapped to
prepare PEG-PLGA control particles or wrapped with CHRF
membranes as described below to produce MWNPs.

2.3. Synthesis of Membrane-Wrapped NPs (MWNPs). The
concentrations of CHRF membrane vesicles and purified DOX-
loaded PEG-PLGA NPs were measured by nanoparticle tracking
analysis (NTA, NanoSight NS300). Beyond concentration, NTA can
also determine the diameter of particles through light scattering and
Brownian motion, correlating the particle motion to size. Samples
were diluted in 1 mL of water to a particle count between 20 and 100
particles per frame, and the concentration and size were calculated
from data collected during three 30 s videos. Once concentrations
were determined via NTA, membranes and NPs were mixed at a 2:1
numeric ratio and co-extruded through a 400 nm polycarbonate
membrane (Avanti) for seven passes in a heating block at 75 °C to
create MWNPs. MWNPs were centrifuged at 20,000g for 20 min at 4
°C to pellet the NP fraction, and the supernatant was discarded. The
pellet containing MWNPs was resuspended in water for further
experimental use. MWNPs were not further purified, and it was
assumed that a majority of NPs were wrapped based on the excess of
membranes used when extruding, though this was not experimentally
validated. Particles were used fresh (within 2 h of synthesis).

2.4. Characterization of NPs and Encapsulation of DOX. The
size and concentration of PEG-PLGA NPs, CHRF membranes, and
MWNPs were measured by NTA. For this, 1−5 μL of sample was
diluted in water to a total volume of 1 mL. Particle count per frame
was typically between 20 and 100, and the camera level was adjusted
until particles were visible, but fewer than 20% had signal saturation.
The focus was modified for each sample until particles were clear and
visible with few double rings. After completing three 30 s videos at a
syringe speed of 50−60 A.U. with the syringe pump, the detection
threshold was set so the blue cross count was less than four for each
frame.41 From the analysis of these three videos, the concentration,
mode size, and mean size were obtained. The zeta potential was
determined using an Anton Paar LiteSizer500 instrument. Samples
were diluted in water and added to omega cuvettes where the
reported values were the triplicate average of 200 runs. Morphology
was confirmed by transmission electron microscopy (TEM) where
samples were prepared on 400 nm mesh carbon-coated grids. Grids
were treated by a PELCO easiGlow glow discharge cleaning system to
allow for easy sample adherence, and samples were stained with 2%
uranyl acetate. Samples were imaged using a Zeiss LIBRA 120 TEM.

To further verify that the membrane coating present on the
particles consisted of only the extracellular components and that the
intracellular components were removed during the membrane
collection process, sodium dodecyl-sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed. Protein content of homogen-
ized cells, nuclear pellet, mitochondrial pellet, membrane vesicles, and
MWNPs was measured by detergent compatible (DC) protein assay
(Bio-Rad) following manufacturer’s protocols. Subsequently, 20 μg of
protein was loaded into a Bolt 4−12% Bis-Tris Plus Gel (Fisher
Scientific) and the gel was run at 120 V for 75 min. The gel was then
removed from the cassette and stained with SimplyBlue SafeStain
(Thermo Fisher) for 1 h. The gel was allowed to destain overnight in
water, rocking at room temperature before imaging.

To measure the encapsulation efficiency of DOX-loaded PEG-
PLGA NPs, 0.5 mg of particles was added to 1 mL of
dimethylsulfoxide (DMSO) (Fisher Scientific) and water bath
sonicated for 30 min. The amount of DOX in the dissolved NPs
was measured by ultraviolet (UV)−visible spectrophotometry (Cary
60 Spectrophotometer, Agilent) where the maximum value between
470 and 490 nm was compared to a standard curve of a known DOX
concentration in DMSO.

2.5. Characterization of Drug Loading in PEG-PLGA NPs
and MWNPs and the Release of DOX under Storage or
Physiologic Conditions. To evaluate the release of DOX from
PEG-PLGA NPs and MWNPs, 3 mg of particles was suspended in 1
mL of either storage (water, 4 °C, stationary) or physiological (PBS
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pH 5.5 or 7.4, 37 °C, orbital shaker at 100 rpm) conditions. At
specified time points (1, 2, 4, 24, and 48 h), the solutions were
centrifuged (20,000g, 4 °C, 20 min) and the supernatant containing
released DOX was collected. The particles in the pellet were
resuspended in fresh solvent and returned to their previous conditions
until the next measurement. The supernatant was measured for the
presence of DOX by UV−vis spectrophotometry using a Cary60. The
maximum value between 470 and 490 nm was compared to a standard
curve of a known DOX concentration in the appropriate solvent. After
the final measurement, the NP pellet was added to 1 mL of DMSO,
and water bath sonicated for 30 min to break down the NPs. The
remaining DOX was then measured by UV−vis spectrophotometry
and compared to a standard curve in the same volume of DOX in
DMSO.
2.6. Imaging of Cellular Uptake of Free DOX, DOX-Loaded

PEG-PLGA NPs, and DOX-Loaded MWNPs. To compare DOX
uptake by CHRF cells when administered freely or in NP
formulations, 4 × 104 CHRF cells was seeded per well of an 8-well
chamber plate in PMA-supplemented media for 24 h. Cells were then
treated with free DOX, DOX-loaded PEG-PLGA NPs, or DOX-
loaded MWNPs at 1.5 μM. After 4 h of treatment, cells were washed
twice with PBS to remove media and excess/non-internalized DOX.
Cells were fixed with 4% formaldehyde for 10 min and then washed
twice with PBS. Following fixation, the chambers were removed, and a
glass cover slip was sealed onto the glass slide for imaging. Images
were acquired at 40× magnification on a Zeiss Axioobserver Z1
inverted fluorescence microscope. An increased fluorescent DOX
signal was taken to indicate more DOX uptake.

Cellular fluorescence in the images was analyzed using ImageJ. Five
background values were captured for each image, and cells were
outlined with the freehand selection tool. The area, integrated density,
and mean gray value were measured for each selection, and the
corrected total cell fluorescence (CTCF) was calculated using the
following formula:

=

×

CTCF integrated density (area of selected cell

mean fluorecence of background)

2.7. Assessment of Cellular Apoptosis and Necrosis
Induced by Free DOX, DOX-Loaded PEG-PLGA NPs, and
DOX-Loaded MWNPs. Dosing concentrations of 2.5 and 5 μM were
chosen for studies of cellular apoptosis/necrosis based on an initial
Alamar Blue metabolic activity assay performed with increasing
(0.78−25 μM) amounts of DOX-loaded PEG-PLGA NPs (Figure
S1). This assay was performed in a 96-well plate with 10,000 cells per
well. After cells were PMA-treated for 24 h, DOX-PEG-PLGA NPs
were added with fresh PMA-supplemented media and allowed to
incubate for 48 h. An Alamar Blue Cell Viability Reagent (Thermo
Fisher) was then added per the manufacturer’s instructions, and cells
were further incubated for 4 h in the dark at 37 °C. The signal was
assessed on a microplate reader at 570 nm, and data was analyzed
compared to a control no-treatment well. Doses were performed in
triplicate.

To analyze cell death induced by DOX, 3 × 104 CHRF cells were
seeded per well of a 48-well plate in PMA-supplemented media. After
24 h, cells were treated with free DOX, DOX-PEG-PLGA NPs, or
DOX-MWNPs at either 2.5 or 5 μM concentration of DOX, where
the free DOX or particles were suspended in PMA-supplemented
media. After 24 h of treatment, cell death was assessed by an Annexin
V/SYTOX AADvanced stain per the manufacturer’s instructions.
Briefly, media were removed from the wells, and cells were washed
with PBS before Trypsin−EDTA was added to detach cells. Cells
were washed twice with PBS and resuspended in 100 μL of binding
buffer. Annexin V (Thermo Fisher) and SYTOX AADvanced Dead
Cell Stain (Thermo Fisher) were added, and cells were incubated in
the dark at room temperature for 15 min. Samples were analyzed on
an Acea NovoCyte 2060 Flow Cytometer using channels for FITC
(Annexin V), APC (SYTOX AADvanced), and PE (DOX). Data
analysis was performed with NovoExpress software. Density plots
using forward scatter and side scatter were used to exclude debris and

create a main cell population gate. Compensation was performed to
account for any signal overflow in the channels, and additional gates
were based on unstained cells and single-stained controls treated with
1 μM staurosporine. Analyses presented are the average of three
experiments and statistically analyzed by one-way ANOVA with the
post hoc Tukey test.

2.8. Evaluating DNA Damage Induced by Free DOX, DOX-
Loaded PEG-PLGA NPs, and DOX-Loaded MWNPs. The internal
mechanism of cell death induced through DOX delivery was
investigated using an H2A.X Phosphorylation Assay Flow Cytometry
Kit (Sigma Aldrich). For this assay, 1.5 × 105 CHRF cells were seeded
per well in a 12-well plate in PMA-supplemented media. After 24 h,
cells were treated with free DOX, DOX-PEG-PLGA NPs, or DOX-
MWNPs at a 5 μM concentration of DOX. After 24 h of treatment,
cells were rinsed with PBS and trypsinized. Cells were washed one
time in PBS and then fixed, permeabilized, and incubated with either
FITC-conjugated anti-phospho H2A.X or normal mouse IgG
antibodies per the manufacturer’s instructions. Excess antibodies
were removed by washing with the kit-provided wash solution, and
cells were immediately analyzed by flow cytometry. Density plots
using forward scatter and side scatter were used to exclude debris and
create a main cell population gate. Data analysis of the FITC signal
was performed with NovoExpress software. Experimental results
presented are the average of three experiments analyzed by one-way
ANOVA with the post hoc Tukey test.

3. RESULTS AND DISCUSSION
3.1. Characterization of Membrane-Wrapping and

Drug Loading in MWNPs. DOX-loaded PEG-PLGA NPs
were synthesized and wrapped in CHRF membranes as
depicted in Figure 1A and described in Section 2. CHRF
cells, a childhood acute megakaryoblastic leukemia cell line,
were used in this work as the membrane source.28,29 A solution
containing a ratio of 1:3 PEG-PLGA:PLGA at 2 mg/mL of
each polymer was used to formulate NPs that were stirred
overnight and purified by centrifugation. Particles were
characterized using NTA, TEM, SDS-PAGE, and absorbance
measurements. Before membrane wrapping, DOX-loaded
PEG-PLGA NPs had a diameter of 123.9 ± 21.9 nm and a
zeta potential of −22.4 ± 4.4 mV (Figure 2A). After wrapping
in CHRF membranes, the diameter increased to 137.3 ± 18.5
nm (Figure 2A), indicative of a 10−20 nm-thick membrane
layer present around the particles. The zeta potential of the
MWNPs decreased to −29.8 ± 1.9 mV, mirroring that of the
CHRF membranes at −30.0 ± 3.6 mV (Figure 2A).
Membrane wrapping was also confirmed by SDS-PAGE
(Figure 2B) where the complete protein profiles of whole
cells, membrane vesicles, and MWNPs can be seen as well as
the removed nuclear and mitochondrial fractions during
membrane collection. From this, it can be visualized that
some bands, notably the strong bands in triplicate below 26
kDa for the nuclear pellet and the band around 50 kDa for the
mitochondrial pellet, are reduced or are not present in the
membrane vesicle or MWNP lanes. This leads to the
conclusion that the nuclear and mitochondrial fractions have
been successfully removed during the lysis and centrifugation
steps, but future studies would need to corroborate this by
additional experimentation such as by Western blotting.
Additionally, the comparison of protein between membranes
and MWNPs appears to be near identical, showing no major
component losses during the wrapping process. To visualize
this structure, TEM was performed, showing a lighter ring of
membrane coating and a core-shell structure in the MWNP
image (Figure 2C).
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Following NP synthesis and external characterization, the
drug loading and release of PEG-PLGA NPs and MWNPs
were investigated. NPs were placed under storage (water, 4
°C) or physiological (PBS at pH 5.5 or 7.4, 37 °C) conditions.
The more acidic condition, pH 5.5, is representative of endo/
lysosomal environments and the intracellular conditions of
DOX release, whereas the more neutral pH of 7.4 is indicative
of bone marrow and circulating blood.42−45 At 1, 2, 4, 24, and
48 h, NPs were centrifuged to form a pellet and the DOX
signal in the supernatant was measured by UV−visible
spectrophotometry. The spectrophotometry readings were
then compared to a standard curve of DOX in the same
solution. After measuring the supernatant, the NP pellets were
resuspended in fresh solution and stored until the next time
point. At the end of the study (48 h), all final pellets were
dissolved in DMSO, and the DOX signal was construed to be
the amount of cargo remaining in the NP. Under the storage
conditions, PEG-PLGA NPs released 50.8% of their total
encapsulated cargo by 48 h, while the MWNPs released 40.0%
of the loaded DOX. Cargo release rates were greatly increased
under physiologically relevant conditions, with PEG-PLGA
NPs at pH 7.4 and 5.5 releasing 88.4 and 97.4% of their cargo
by 48 h, respectively. MWNPs in pH 7.4 had a final DOX
release of 84.4% with pH 5.5 samples reaching 94.3% (Figure
3A). Overall, when the total released cargo and the amount
remaining in the pellet at 48 h were summed, PEG-PLGA NPs
encapsulated 14.2 ± 2.4 μg of DOX per milligram of polymer
and MWNPs loaded 5.8 ± 1.5 μg of DOX per mg of polymer
(Figure 3B; corresponding encapsulation efficiency shown in
Figure S2). The reduced loading in MWNPs is likely due to
losses during the extrusion process to add the membrane
coating.
Taken together, these data indicate the successful synthesis

of DOX-loaded PEG-PLGA NPs that can be wrapped in
CHRF membranes to form MWNPs. While a decrease in

encapsulated cargo is present after membrane wrapping, both
formulations release their therapeutic cargo at similar rates
under physiological conditions, indicating that the membrane
does not hinder timely cargo delivery. Under storage
conditions, less than half of the cargo was released from
MWNPs, pointing to a potentially beneficial effect of
membrane wrapping, halting premature loss before systemic
injection.

3.2. MWNPs Improve DOX Delivery into AML Cells.
To test the hypothesis that MWNPs would allow for increased
DOX delivery into cells owing to improved NP−cell
interactions facilitated by the membrane coating, CHRF cells
were incubated with free DOX or with DOX-loaded PEG-
PLGA NPs or MWNPs. After 4 h, the DOX signal was
visualized within cells using fluorescence microscopy (Figure
4A). When quantified in ImageJ, MWNP-treated cells had over
2.4 times more fluorescence than their PEG-PLGA NP
counterparts and over 6.3 times more fluorescence than cells
exposed to free DOX (Figure 4B). From this, it may be
inferred that the MWNPs are able to better target, and deliver
cargo to, their homotypic CHRF cells. These data support the
hypothesis that the membrane coating maintains its function-
ality when added to an NP. Additionally, these data suggest
that DOX may be more effective when delivered in MWNP
formulations owing to the larger amount of DOX that enters
the cells. This was tested experimentally as summarized below.

3.3. DOX-Loaded MWNPs Induce Cell Death in
Homotypic AML Cells. Following synthesis, characterization,
and assessment of cellular interactions, PEG-PLGA NPs and
MWNPs were investigated as vehicles to induce leukemic cell
death. As it is important to induce apoptosis rather than
necrosis for the ideal therapeutic outcome, Annexin V (FITC
channel) and SYTOX AAdvanced (APC channel) were used to
mark cellular apoptosis and necrosis, respectively. SYTOX
AAdvanced was used instead of the more common propidium
iodide (PI) agent because PI’s excitation/emission spectrum
overlaps with the DOX fluorescence spectrum, which could
have confounded flow cytometry results. CHRF cells were
exposed to 2.5 or 5 μM of free DOX, DOX-loaded PEG-PLGA
NPs, or DOX-loaded MWNPs for 24 h. Cells were then
stained with both markers and analyzed via flow cytometry to
produce density plots with the Annexin V/FITC channel on

Figure 2. Characterization of MWNPs. (A) The size and charge of
PEG-PLGA NPs, extruded CHRF membranes, and MWNPs were
measured through Nanoparticle Tracking Analysis and zeta potential
(n = 3). (B) SDS-PAGE protein profile of whole cells, extruded
membranes, MWNPs, and intracellular pellets from membrane
collection run at an equal protein concentration. (C) Transmission
electron microscopy images of PEG-PLGA NPs, CHRF membranes,
and MWNPs. Scale bars = 100 nm.

Figure 3. Drug release and loading. (A) DOX release from PEG-
PLGA and membrane-wrapped NPs under physiological (37 °C PBS
at pH 5.5 or 7.4) and storage (4 °C water) conditions over a 48 h
period. (n = 9 for PEG-PLGA NPs, 3 for MWNPs). ***p < 0.0001
calculated by one-way ANOVA with the post hoc Tukey test. (B)
Loading of DOX in PEG-PLGA NPs and MWNPs. (n = 27 for PEG-
PLGA NPs, 9 for MWNPs).
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the x axis and the SYTOX/APC channel on the y axis. Viable
cells remain negative for both markers and appear in the
bottom left quadrant of the plots. By comparison, cells in early
apoptosis are marked by Annexin V only and appear in the
bottom right quadrant, cells undergoing late apoptosis are
marked by both stains and appear in top right quadrant, and
necrotic cells are marked by only SYTOX AADvanced are
found in the top left quadrant. The results from this
experiment show that both 2.5 and 5.0 μM dosages of DOX-
loaded MWNPs induce significantly greater levels of apoptosis
than the same concentrations of DOX delivered freely or in
PEG-PLGA NPs (quantitative data in Figure 5A, with
representative flow cytometry plots in Figure 5B). While
there was a slight increase in apoptotic cells between the low
and high dosages of the free DOX and DOX-PEG-PLGA NPs,
all had apoptotic fractions ranging from 12 to 17%. Drastically,
the fraction of apoptotic cells in samples treated with MWNPs
at 2.5 μM DOX concentrations rose to over 45%, while the 5
μM dosage yielded approximately 80% apoptosis (Figure 5A).
No group had increased levels of necrotic cells, indicating that
apoptosis was the predominant mechanism of cell death
induced by DOX delivery (Figure S3). These results support
the use of MWNPs as potent DOX delivery vehicles.

After the mechanism of cell death was confirmed to be
primarily apoptotic, an H2A.X phosphorylation assay was
carried out to evaluate double-stranded DNA damage that
should occur owing to DOX interference with TOP2 (Figure
6A). In this assay, cells are incubated with fluorescent anti-
phospho-histone H2AX antibodies, and then flow cytometry is
performed to quantify the fluorescence signal, which should
correlate with the level of DNA damage. We found that CHRF
cells treated with DOX either freely, in PEG-PLGA NPs, or in
MWNPs had median fluorescence intensities near three times
that of the no treatment control (Figure 6B). This indicates
that the delivered DOX is functioning as expected to inhibit
TOP2 and cause DNA double-strand breaks. Taken in
combination with the Annexin V/SYTOX AADvanced
experimental data, it may be concluded that MWNPs can
induce significantly greater leukemic cell death than control
particles and freely delivered drugs and that the mechanistic
functionality of delivered DOX is not altered upon entry into
the cells.

4. DISCUSSION
This work presents DOX-loaded, membrane-wrapped NPs as
promising vehicles for targeted chemotherapeutic delivery to
homotypic AML cells. NTA, zeta potential, and TEM analyses

Figure 4. Visualization and quantification of the DOX signal in CHRF
cells treated with free DOX, DOX-loaded PEG-PLGA NPs, or DOX-
loaded MWNPs. (A) Microscopy images taken at 40× magnification
show DOX fluorescence (red) in CHRF cells overlaid with brightfield
images. Scale bars = 20 μm. (B) Quantification of the corrected total
cell fluorescence based on the DOX signal from visualized cells as
determined in ImageJ.

Figure 5. Apoptotic cell death induced by DOX. (A) Percent of cells
stained positive for combined early and late apoptosis when treated
with either free DOX, PEG-PLGA NPs, or MWNPs at low (2.5 μM)
or high (5 μM) DOX dosages (n = 3). ***p < 0.0005 as calculated by
one-way ANOVA with the post hoc Tukey test. (B) Representative
scatterplots demonstrating fraction of cells in early apoptosis (bottom
right quadrant), late apoptosis (top right quadrant), or necrosis (top
left quadrant) following treatment with free DOX, PEG-PLGA NPs,
or MWNPs at DOX concentrations of 2.5 or 5 μM.
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show the successful formation of MWNPs, while SDS-PAGE
protein profiles indicate that membrane components are fully
transferred onto the NP core while intracellular proteins are
removed. The release rate of DOX from both membrane-
wrapped and uncoated PEG-PLGA NPs was explored, and as
expected from the thermal stimulus, both systems exhibited
faster release over a 48 h time frame when placed under
physiologically relevant conditions rather than storage
conditions.46 The release of DOX from the NPs was also
pH-dependent. As described by Hines and Kaplan, when water
enters the polymer matrix, the hydrolytic degradation of PLGA
begins.47 As the degradation progresses, the lactic and glycolic
acid molecules create a pH gradient, causing increasingly faster
swelling and diffusion of the DOX through the autocatalysis of
the PLGA. By placing the NPs in a more acidic environment,
this process is given a head start, with increased amounts of
DOX release observed at more acidic pH levels.46,47

When administered to CHRF cells in vitro, MWNPs were
found to be substantially more efficient and effective than
freely delivered DOX or DOX-loaded PEG-PLGA NPs.
Almost 50% of cells treated with DOX-loaded MWNPs
experienced apoptosis at a dose of 2.5 μM, which increased to
80% at a higher 5 μM dose. By comparison, cellular apoptosis
ranged between 12 and 17% in samples treated with free DOX
or DOX-PEG-PLGA at these doses. This apoptotic cell death
is the preferred mechanism of cell death due to its controlled
and efficient manner that does not affect the surrounding
cells.48,49 The alternative�uncontrolled, non-regulated ne-
crosis�would induce inflammation through membrane
rupture and could release damage-associated molecular
patterns that can cause surrounding cells to produce
cytokines.50−,52 Specifically in the bone marrow microenviron-
ment, in addition to causing inflammation, necrosis has been
observed to impair normal HSPC function.52 In the case of
AML, HSPCs would have compounded impairment as there is
megakaryocyte (Mk) overproduction of TGFβ1, which blocks
key functions of HSPCs.1 These effects may be specifically
exaggerated in AML due to the excessive proliferation of

immature myeloid precursors, possibly intensifying the effects
of TGFβ1 overproduction.1,53 Conveniently, one of the
functions of DOX in the bone marrow microenvironment is
to halt proliferating myeloid cells such as Mks.54 By using a
targeted delivery system to reach these cells, we can combat
the excess immature myeloid cells and treat the growing mass
of leukemia cells that is crowding out the healthy marrow
components. Specific to this work, when the mechanism of cell
death was examined by γH2A.X assay, all DOX-treated groups
had evidence of intracellular DNA damage, indicating no
functional change in the DOX’s mechanism of action following
release from the NPs. Taken together, these studies along with
the fluorescence microscopy studies indicate MWNPs are a
robust drug delivery system with great potential for future
exploration.
Future directions for this work could tune and slow the

release rate of DOX from the NPs by increasing the polymer
concentration during synthesis and then examine how release
kinetics impact therapeutic efficacy. Papers have shown that by
using PLGA at a concentration of 25 mg/mL, instead of the 2
mg/mL used in this work, the release of DOX from the NP can
be extended over 14 days.55 Our NPs exhibit rapid DOX
release within the first 4 h of exposure to physiological
conditions (Figure 3). This is due to the phenomenon of burst
release, a common concern when using loaded PLGA.56 While
higher drug loading can contribute to this initial release due to
the drug:polymer concentration, it is also attributed to the
adsorbed drug on the surface of the NPs.57,58 To ensure that
sufficient cargo reaches cells in the blood and bone marrow
(rather than being released prematurely in circulation), the
polymer composition could be tuned. For example, by
changing the polymer molecular weight or increasing its
density, it may be possible to improve drug loading and
minimize burst release such that most of the cargo is released
after 4−12 h of circulation, allowing the particles time to
accumulate at their target site. In addition to tuning the core of
the NPs, the shell should also be considered. A potential
limitation of this study is that we do not know the precise
fraction of NPs in each sample that is fully coated, partially
coated, or uncoated. As recent work has indicated that the
completeness of membrane-wrapping can impact MWNP
performance, the future work should aim to determine the
fraction of fully/partially/unwrapped NPs in the sample and
achieve complete membrane wrapping.59 Lastly, another area
of consideration regarding NP synthesis is to find a way to
lessen the cargo drop between unwrapped NPs and MWNPs.
To address this, experiments could be performed reducing the
number of extrusions the membranes and NPs are subject to
for wrapping or increasing the amount of initially loaded drug
to account for this loss.
As mentioned earlier, clinical dosing with anthracyclines,

including DOX, often occurs alongside delivery of cytarabines,
specifically in a 7 + 3 plan where cytarabine is infused over 7
treatment days, with overlapping anthracycline dosing
occurring only on the first 3 days.4,5 Significant knowledge
could be gained from performing studies that introduce
cytarabines, or other molecules, into the particle system,
whether co-encapsulated in the same NP or delivered in
separate particles. Furthering this idea, a dosing regimen for in
vivo experiments would need to be designed for treatment of
AML and other leukemia/blood disorders, depending on the
release rate of the cargo(s). These experiments could involve

Figure 6.Mechanism of intracellular cell death. (A) Scheme depicting
Ser139 phosphorylation due to DOX-induced DNA damage.
Fluorescent γH2A.X-specific antibodies specifically bind to the
phosphorylated ser-139 residues in the DNA. (B) Flow cytometric
analysis of cells treated with 5 μM DOX and incubated with Phospho-
Histone H2A.X antibodies. Data represents the median fluorescence
intensity of samples, indicative of serine-139 phosphorylation (n = 3).
*p < 0.05 as calculated by one-way ANOVA with post-hoc Tukey.
Parts of panel A were produced using Servier Medical Art templates.
Servier Medical Art by Servier is licensed under a Creative Commons
Attribution 3.0 Unported License (https://creativecommons.org/
licenses/by/3.0/).
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additional studies comparing the efficacy and safety to DOXIL
or similar liposomal formulations that are clinically used.
Related to the future in vivo work, it will be important to

carefully select an appropriate animal model for preclinical
validation studies. As the membranes used to produce
MWNPs in this work are derived from human cells, it would
be best to perform animal studies in humanized mice so that
the efficacy and safety of the system can be accurately and
robustly characterized. A previous work has shown that murine
AML MWNPs are effective in C57BL/6J mice, but studies of
human AML MWNPs in mice remain to be performed.15 Such
experiments will be an important step in the translation of this
type of technology from the laboratory to the clinic.

5. CONCLUSIONS
Overall, this work demonstrates that DOX-loaded MWNPs
can be successfully synthesized, characterized, and deployed as
potent drug delivery vehicles. These AML MWNPs effectively
deliver their cargo to homotypic cells to induce apoptosis at
substantially higher rates than freely delivered DOX or non-
targeted, DOX-loaded, PEG-PLGA NPs. With additional
development and investigation, MWNPs may drastically
improve the patient experience during chemotherapy treat-
ment by providing a safer, more effective, targeted delivery
system.
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